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The three SAT serotype viruses, endemic in Africa, are well known for their difficulty to adapt to cell
culture. The viral mechanism involved in foot-and-mouth disease virus (FMDV) tissue tropism and cell-
entry is not well understood. A recombinant, small plaque-forming virus (vSAT1tc), derived from a tissue
culture-adapted SAT1 virus (SAR/9/81tc), revealed four amino acid substitutions (VP3 Asp192 → Tyr;
VP3 Ser217 → Ile; VP1 Ala69 → Gly and VP1 Asn110 → Lys) in the capsid, compared to the SAR/9/81wt
isolate collected from infected impala epithelium. One substitution added a positively charged lysine
oot-and-mouth disease virus
nfectious cDNA
ecombinant virus

ntegrin receptor
eparan sulphate proteoglycan

residue to the short �F-�G loop of VP1. Furthermore, vSAT1tc displayed a high affinity for CHO-K1 cells
possibly via interaction with negatively charged sulphated polysaccharides while SAT1 impala strain
relied strongly on �V�6 integrin receptors for cell entry. The cell culture adaptation and small plaque
phenotype of vSAT1tc was accompanied by differences in particle aggregation and significant differences
in acid stability. Based on limited cross neutralization data, the antigenic features seem to be unchanged.
Thus, acquisition of positively charged residues in the virion may be beneficial for adaptation of SAT type

e.
field strains to cell cultur

. Introduction

Foot-and-mouth disease (FMD) is a highly contagious, vesicular
isease affecting primarily cloven-hoofed animals with severe eco-
omic consequences worldwide (Bachrach, 1968; Sutmoller, 2003).
lthough mortality is usually low, morbidity can reach 100% and
auses severe losses in production. Therefore, the disease remains
major economic concern for livestock-health in many developing
ountries and a continued threat to disease-free countries (Knowles
Samuel, 2003; Vosloo et al., 2003). The causative agent, FMD virus

FMDV), is the prototype species of the Aphthovirus genus within
icornaviridae and seven distinct serotypes, i.e. A, O, C, South African
erritories (SAT) types 1–3 and Asia-1, are distinguished. With the

xception of Asia-1, all the remaining serotypes have been isolated
n the African continent, while the three SAT types are located
lmost exclusively in sub-Saharan Africa (Vosloo et al., 2001). The
AT types display large genetic (Vosloo et al., 1995; Van Rensburg

Abbreviations: FMD, foot-and-mouth disease; FMDV, FMD virus; GAG,
lycosaminoglycan; HSPG, heparan sulphate proteoglycan; SAT, South African Ter-
itories.
∗ Corresponding author. Tel.: +27 12 529 9584/93; fax: +27 12 529 9595/05.

E-mail address: mareef@arc.agric.za (F.F. Maree).
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© 2010 Elsevier B.V. All rights reserved.

and Nel, 1999; Bastos et al., 2001, 2003a,b) and antigenic variabil-
ity (Esterhuysen et al., 1988; Parry et al., 1990), as well as regional
differences in the distribution and prevalence of serotypes. These
types are further characterised by their ability to infect multiple
wildlife hosts.

African buffalo (Syncerus caffer) in southern Africa have been
shown to be persistently infected with the SAT type viruses
(reviewed in Thomson et al., 2003) and are an important source
of infection for domestic animals (Dawe et al., 1994; Bastos et al.,
1999). Buffalo are rarely clinically affected by FMD, but act as car-
riers of the disease with virus transmitted from adult to young
animals (Thomson et al., 1992; Vosloo et al., 1996). Since 2000,
various outbreaks of FMD were recorded in vaccinated cattle popu-
lations in southern Africa where, in many cases, the source of virus
was traced to buffalo. Although SAT2 type virus is the causative
agent in most outbreaks of FMDV in cattle in sub-Saharan Africa
(ca. 60% of outbreaks), SAT1 is widely dispersed and are mostly
maintained through persistent infections of African buffalo (ca. 55%
of buffalo isolates), whereas SAT3 has the lowest incidence level

(Heath, 2008).

In endemic regions, FMD is controlled by restricting ani-
mal movement, the implementation of vaccination programmes
and hygienic measures. Current FMD vaccines are chemically
inactivated preparations of concentrated, virus infected cell

dx.doi.org/10.1016/j.virusres.2010.12.002
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
mailto:mareef@arc.agric.za
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ulture supernatants (Office International des Épizooties Terrestrial
anual, 2009) and require that the vaccine strain is adapted

nd propagated in cell culture (Amadori et al., 1994, 1997). This
ecessitates continuous adaptation of new vaccine strains to cell
ulture whenever a close antigenic relationship to an outbreak
irus is required. It is thought that adaptation to cell culture is
ade possible by the selective pressure exerted by the cell surface
olecules, which may act as virus receptors for viral quasi-species

Baranowski et al., 1998). However, it has been noted that SAT
iruses are difficult to adapt to BHK-21 cells to enable large scale
ropagation (Pay et al., 1978; Preston et al., 1982).

Two classes of cell surface receptors that mediate FMDV infec-
ion have been identified in vitro. FMDV enters cultured cells by
inding to any of four members of the integrin family of cellular
eceptors (�V�1, �V�3, �V�6 and �V�8) or to heparan sulphate
roteoglycans (HSPG; glycosaminoglycans or GAG’s) (Berinstein
t al., 1995; Sa-Carvalho et al., 1997; Duque & Baxt, 2003; Jackson
t al., 1996, 2000, 2002, 2004; Neff et al., 1998, 2000; Neff and Baxt,
001). FMDV attachment to integrin receptors occurs via a highly
onserved arginine–glycine–aspartic acid (RGD) tripeptide motif,
hich is located on the flexible, surface-exposed �G-�H loop of
P1 (Pfaff et al., 1988; Surovoı̆ et al., 1988; Fox et al., 1989; Baxt
Becker, 1990; Logan et al., 1993; Mason et al., 1994; Berinstein

t al., 1995). Sequences flanking the RGD motif and the conforma-
ion of the �G-�H loop have been shown to influence the specificity
f binding to different integrin receptors (Rieder et al., 1993; Duque
Baxt, 2003). Although the integrin �V�6 has been shown to act

s a high affinity receptor for certain serotypes of FMDV found in
attle-to-cattle transfer (Jackson et al., 2000; Duque & Baxt, 2003;
uque et al., 2004; Monaghan et al., 2005; Burman et al., 2006),
ery little is known about the virus–host interaction and receptor
sage of SAT type viruses maintained in the African buffalo. The
bility of FMDV to use HSPG as receptors appears to be restricted
o FMDV strains that have frequently been passaged in cultured cell
ines (Jackson et al., 1996; Sa-Carvalho et al., 1997).

As a first step towards understanding virus–cell interaction dur-
ng cell culture-adaptation of SAT viruses we report on amino acid
ubstitutions that are fixed during the adaptation process of a SAT1
irus. The SAT1 virus chosen in this study, caused numerous out-
reaks in several wildlife species in the Kruger National Park (KNP)
nd surrounding area during early 1980s. An isolate from that out-
reak, SAR/9/81wt, was adapted to grow in BHK-21 cells and used in
he preparation of inactivated vaccine for the control of FMD adja-
ent to the KNP. SAT1 infectious cDNA clones were constructed
rom the virus isolated from impala antelope (Aepecuros melam-
us) and its cell culture-adapted derivate. A recombinant, small
laque-forming virus, derived from a tissue culture-adapted SAT1
irus (vSAT1tc), revealed four amino acid substitutions in the capsid
ompared to the isolate collected from infected impala epithelium.
ne substitution added a positively charged lysine residue to the

hort �F-�G loop of VP1 and was found to be associated with adap-
ation of SAT1 virus to BHK-21 cell cultures. The ability of the cell
ulture-adapted phenotype to form aggregates and virion stability
nder different environmental conditions were examined.

. Materials and methods

.1. Cells and viruses

Baby hamster kidney (BHK) cells, strain 21, clone 13 (ATCC CCL-

0) were maintained as previously described (Rieder et al., 1993)
nd were used during transfection, virus recovery, plaque assays
nd one-step infectivity kinetic studies. Plaque assays were also
erformed using IB-RS-2 (Instituto Biologico renal suino) and Chi-
ese hamster ovary (CHO) cells strain K1 (ATCC CCL-61) maintained
ch 155 (2011) 462–472 463

in RPMI medium (Sigma) and Ham’s F-12 medium (Invitrogen),
respectively, supplemented with 10% foetal calf serum (Delta Bio-
products).

The SAT1 virus causing the 1981 outbreak was originally isolated
from impala epithelium (SAR/9/81wt; wild-type) and adapted on
BHK-21 cells for vaccine production (SAR/9/81tc; passage history
PK1RS4BHK5). Viruses were isolated on primary pig kidney cells
(PK), followed by 4 passages in IB-RS-2 cells. For serial passages,
infected (or transfected) 35-mm-diameter BHK-21 cell monolay-
ers were frozen and thawed and 1/10th of the volume was used
to inoculate a fresh monolayer. To determine population quasi-
species a serial dilution of SAR/9/81tc virus was prepared in 96-well
cell culture plates (NuncTM) and the supernatant of wells con-
taining single foci of infection were used for RNA extraction,
RT-PCR and the nucleotide sequence of the VP1-coding region
determined.

2.2. RNA extraction, cDNA synthesis, plasmid construction and
mutagenesis

RNA was extracted from infected cell lysates using TRIzol®

reagent (Life Technologies) according to the manufacturer’s spec-
ifications and used as template for cDNA synthesis. Viral cDNA
was synthesised with SuperScript IIITM (Life Technologies) using
a poly-dT primer.

Genome-length cDNA clones, carrying the genomic sequences
of SAR/9/81wt and SAR/9/81tc, were constructed using a simi-
lar cloning strategy to the one employed by Rieder et al. (1993,
2005) and Van Rensburg et al. (2004). The respective plasmids
were designated pSAT1wt (a and b) and pSAT1tc. Genomic cDNA
was amplified via standard PCR using AdvantageTM Taq DNA
Polymerase (Clontech) in the presence of genome-specific oligonu-
cleotides tailored with appropriate restriction enzyme recognition
sites to allow easy cloning. The 8143 bp SAT1 genomic cDNA was
cloned into pGEM plasmid using XmaI and NotI restriction sites. The
nucleotide sequence of the cloned regions was subsequently deter-
mined using the ABI PRISMTM BigDye Terminator Cycle Sequencing
Ready Reaction Kit v3.0 (Applied Biosystems). The VP3/VP1/2A-
coding region of the plasmid pSAT1wt-a was recovered using SnaBI
and XmaI restriction enzymes and cloned into the corresponding
region of pSAT1tc, to generate the plasmid pSAT1tc/wt.

Site-directed mutagenesis of plasmid pSAT1tc to produce
pSAT1tcK-N was accomplished by an inverse PCR method using
the Quick change mutagenesis kit (Stratagene). The forward muta-
genesis primer CAGTCGTCTTTTCCAAcgGAGGAGCCACCCGCTTTGC
(lower cased letters represent altered bases) replaced the Lys at
position 110 of VP1 with the wild-type Asn residue. The muta-
tion was verified by automated sequencing and no unintended site
mutations were found.

2.3. In vitro RNA synthesis, transfection and virus recovery

RNA was synthesised from NotI-linearised plasmid DNA
templates using the MEGAscriptTM T7 kit (Ambion). BHK-
21 cell monolayers, in 35 mm diameter cell culture plates
(NuncTM), were transfected with the in vitro-generated RNA
using Lipofectamine2000TM (Life Technologies) according to the
manufacturer’s recommendations. The transfection medium was
removed after 3–5 h and replaced with Eagle’s basal medium (BME)
containing 1% FCS and incubated at 37 ◦C up to 48 h. After one
freeze–thaw cycle the transfection supernatants were used for

serial passaging on BHK-21 cells until complete CPE. Unless oth-
erwise stated passage 4 was used for analysis. Viruses recovered
from transfection of pSAT1tc, pSAT1wt-a, pSAT1wt-b, pSAT1tcK-N
and pSAT1tc/wt were designated vSAT1tc, vSAT1wt-a, vSAT1wt-b,
vSAT1tcK-N and vSAT1tc/wt.
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.4. Plaque titrations and growth kinetics

Plaque titrations were performed in BHK-21, IB-RS-2 and CHO-
1 cells, which were infected with the viruses for 1 h, followed by

he addition of a 2 ml tragacanth overlay (Rieder et al., 1993). After
ncubation for 27 or 40 h the infected cell monolayers were stained

ith 1% (w/v) methylene blue in 10% ethanol and 10% formaldehyde
repared with phosphate buffered saline, pH 7.4.

One-step growth kinetics were carried out in BHK-21 cells
hich were infected with the viruses at a multiplicity of infection

m.o.i.) of 2–4 PFU/ml for 1 h, washed with MBS-buffer (1 M MES,
.45 M NaCl, pH 5.5) prior to incubation at 37 ◦C for the indicated
ime interval, harvested at 2, 4, 6, 8, 10, 12, 16 and 20 h post-
nfection and frozen at −70 ◦C. Virus titres were determined on
HK-21 cells and expressed as the logarithm of the plaque forming
nits per millilitre (PFU/ml).

.5. Virus neutralization (VN) test

The antigenic diversity of the SAR/9/81wt, SAR/9/81tc and
SAT1tc viruses was determined using the micro-neutralization
est carried out as described in the OIE Manual of Standards
2009) with reference cattle sera prepared by two consecu-
ive vaccinations (vaccinated at day 0, boosted at day 28 and
led at day 38) with the homologous SAR/9/81tc, and heterolo-
ous SAT1/KNP/196/91 and SAT1/NIG/5/81 vaccines. IB-RS-2 cells
ere used as the indicator system in the neutralization test. The

nd point titre of the serum against homologous (SAR/9/81wt,
AR/9/81tc and vSAT1tc) and heterologous (SAT1/KNP/196/91 and
AT1/NIG/5/81) viruses was calculated as the reciprocal of the last
ilution of serum to neutralise 100 TCID50 in 50% of the wells
Rweyemamu, 1978). One-way antigenic relationships (r1-values)
f the field isolates and engineered viruses relative to the refer-
nce sera were calculated, which is expressed as the ratio between
he heterologous/homologous serum titre. All neutralization titre
eterminations were repeated at least twice.

.6. Analysis of receptor usage of the SAT1 viruses

Cell-binding studies were essentially performed as described
y Neff et al. (2000) and Duque and Baxt (2003). This entails
he infection of COS-1 cells, transiently expressing the bovine
ntegrin �V subunit and either the �1, �3 or �6 subunits, with
he SAR/9/81wt or vSAT1tc viruses, respectively. Sixteen hours
fter infection, cells were labelled with [35S]methionine and viral
rotein synthesis analyzed by radio-immunoprecipitation (RIP)
f equal amounts of trichloroacetic acid-precipitable counts per
inute using a SAT1 polyclonal serum followed by sodium dodecyl

ulphate-polyacrylamide gel electrophoresis (SDS-PAGE). Radio-
abelled proteins from non-transfected COS-1 cells and BHK-21
ells infected with SAR/9/81wt were included as controls.

Twenty-four hours growth study was performed in CHO-K1 cells
hich express GAG receptors (Jackson et al., 1996; Sa-Carvalho

t al., 1997) and CHO-677 (deficient in GAG expression). Monolayer
ells in 35 mm cell culture plates (NuncTM) were infected with an
.o.i. of 5–10 PFU/ml with the parental and recombinant viruses

nd incubated for 1 h and 24 h for each CHO cell type and frozen
t −70 ◦C. Virus titres were determined in BHK-21 cells and viral
rowth was calculated by subtracting the 1 h titre results from the
4 h titre results. Positive titres were interpreted as an indication
hat the viruses were able to infect and replicate in the CHO cells.
.7. Stability of vSAT1tc and SAR/9/81wt strains

The wild-type and recombinant SAT1 virus particles were con-
entrated with PEG (8%) and purified on 15–45% (w/v) sucrose
ch 155 (2011) 462–472

density gradients, prepared in TNE buffer (50 mM Tris pH 7.4,
10 mM EDTA, 150 mM NaCl) as described by Knipe et al. (1997).
Peak fractions corresponding to the 146S virus particles were
pooled and stored at −70 ◦C until further use. The purified virus
particles were mixed 1:50 with 2× TNE buffer ranging from pH 7.4,
7.0, 6.7, 6.3, 6.2, 6.0, 5.8 and 5.6 (±0.02) for 30 min at room tempera-
ture. Virus particles were also mixed with BME medium as control.
The samples were subsequently neutralised with 1 M Tris (pH 7.4),
150 mM NaCl and titrated on BHK-21 cells or inspected with elec-
tron microscopy. The pH50 was determined by linear fitting of the
percentage infectivity remaining following treatment at each pH
point. Thermal stability of the virus particles was determined by
incubating the purified particles diluted 1:50 in TNE buffer at 25, 37,
45 and 55 ◦C for 30 min. Following cooling on ice, the viruses were
titrated on BHK-21 cells. Alternatively, the preservation and long
term stability of sucrose density gradient purified virus particles
were investigated using the freeze–dried method. The freeze–dried
particles were treated at various temperatures of −70 ◦C, 4 ◦C, 25 ◦C
and 37 ◦C for up to 42 weeks, cooled on ice, reconstituted in TNE
buffer and titrated on BHK-21 cells.

2.8. Electron microscopy

Virus samples (treated with varying pH buffers or tempera-
tures) were adsorbed to Formvar and carbon-coated nickel grids,
stained with 2% (w/v) uranyl acetate for 30 s and examined in a
Hitachi electron microscope operated at 80 kV. Particle sizes were
determined using advanced microscopy techniques (Danvers, MA)
software calibrated with grating replica (Electron Microscopy Sci-
ences, Hatfield, PA). Images were recorded with an AMT digital
camera and files were adjusted for brightness and contrast with
Adobe Photoshop (Beaverton, OR).

3. Results

3.1. Accumulation of positively charge residues in the VP1 protein
of SAT1/SAR/9/81 during growth in BHK-21 cells

Previously we observed that the SAT1 virus SAR/9/81tc exhib-
ited altered plaque properties after high passage in BHK-21 cells
(Maree et al., 2010). A mixture of plaque sizes (small, 1–2 mm;
medium, 3–5 mm and large 7–8 mm) characterised SAR/9/81tc,
while SAR/9/81wt (recovered from impala) yielded only large
plaques (7–8 mm diameter) (Fig. 1A). One-step growth studies
of SAR/9/81wt and SAR/9/81tc viruses in BHK-21 cells (Fig. 1B)
showed that the viruses reached high titres and their growth were
indistinguishable within 16 h p.i. To investigate the variation in
plaque sizes in more detail we analyzed the complete genomes
of SAR/9/81wt and SAR/9/81tc. Thirteen nucleotide changes were
detected in the majority population of SAR/9/81tc compared to
SAR/9/81wt. Of the thirteen nucleotide changes, ten resulted in
amino acid changes. The six amino acid substitutions in the non-
structural protein-coding regions were hypothesised to be unlikely
to influence viral properties like receptor preference and cell entry,
adaptation in cell culture and virion stability. However, the four
amino acid differences in the capsid proteins are located in loops
connecting �-sheets of the virion, one in VP3 and three in VP1. The
amino acids Asn110 and Gly112 in the VP1 protein of SAR/9/81wt
changed to His and Arg, respectively, following passaging in BHK-
21 cells. These changes are located within the short �F-�G loop,

surrounding the pore at the five-fold axis of the virion (Fig. 2A, B)
and resulted in a change of electrostatic charge on the virion surface
(Fig. 2C, D).

The changes in VP1 were further elucidated following a dilution
series of the SAR/9/81tc virus and selecting 37 single foci of infec-
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Fig. 1. (A) Plaque morphologies of the parental and genetically engineered viruses obtained using monolayers of BHK-21, IB-RS-2 and CHO-K1 cells. Cells infected with
SAR/9/81tc, SAR/9/81wt, vSAT1tc, vSAT1tcK-N, vSAT1wt-a and vSAT1wt-b were incubated for either 40 h (BHK-21 and CHO-K1) or 27 h (IB-RS-2) prior to staining with
methylene blue. (B) One-step growth kinetics were performed in BHK-21 cells. The average log virus titres are shown at different times p.i. with the SAR/9/81wt, SAR/9/81tc
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nd vSAT1tc. The standard deviations of the titres determined from quadruple we
f 2–4 PFU/ml, washed with MBS buffer (25 mM morpholine-ethanesulfonic acid, 1
ncubation at 37 ◦C for 40 h. The samples were frozen at −70 ◦C after the specific inc
alues obtained from duplicate titrations of samples prepared form the same exper

ion and sequencing of the VP1-coding region of each. The deduced
P1 amino acid sequences of the recovered viruses (n = 37) were
ompared. Sixty-three of the 218 amino acid residue positions of
P1 (∼29%) were variable (Fig. 3), consistent with the quasi-species

ature of the FMDV genome (Domingo et al., 1992, 2005). The vari-
tion was not uniformly distributed across VP1 but was focussed in
yper-variable regions of VP1, particularly in beta-sheet structures
ith hydrophilic profiles, which correlate with surface-exposed

able 1
omparison of the deduced amino acid sequences in SAR/9/81wt, SAR/9/81tc and recomb

FMDV straina Host/origin Residues in proteinb

VP3

192 217
Secondary structure �H-�I loop C-terminus

SAR/9/81wt Impala Asp Ser
SAR/9/81tc Cell culture adapted Tyr Ser
vSAT1tc Plasmid pSAT1tc Tyr Ile
vSAT1wt-a Plasmid pSAT1wt-a Asp Ser
vSAT1wt-b Plasmid pSAT1wt-b Asp Ser
vSAT1tc/wt Plasmid pSAT1tc/wt Asp Ser
vSAT1tcK-N Plasmid pSAT1tcK-N Tyr Ile

a The abbreviation “wt” refers to the wild-type impala epithelium isolate and “tc” to
onstructed from SAR/9/81tc and pSAT1wt from SAR/9/81wt. The pSAT1tc/wt was genera
egion of pSAT1wt. Site-directed mutagenesis of VP1 Lys110 in pSAT1tc to Asn created pS

b The amino acid differences within the 1B/C/D-2A region of recombinant and the pare
c Titres were determined following 5 recovery passages in BHK-21 cells for vSAT1tc,

enerate SAR/9/81tc. These virus stocks were used to study virus growth kinetics (Fig. 3A
indicated in each case. Cell monolayers were infected for 1 h at 37 ◦C at an m.o.i.
NaCl, pH 5.5), followed by the addition of BME containing 1% FCS and continued

n times and subsequently thawed and titrated on BHK-21 cells. Error bars indicate
.

loops in the virion (data not shown). One of these regions was the
�F-�G loop containing residues 110–112 that showed variations of
(H/K/N)-R-(R/G) (Table 1 and Fig. 3). When the altered amino acid
at position 110 was His, an Arg residue occupied position 112 in 80%

of the virus population. However, when Lys was present at position
110, in 100% of the cases, Gly occupied position 112 (Table 1). In two
instances the wild-type N-R-G sequence was visible. The nature of
these substitutions, which resulted in an increase in positive charge

inant SAT1 viruses and the in vitro properties of these viruses.

Titre in BHK-21 cellsc

VP1

69 84 110–112
�A �B �F-�G loop

Ala Glu Asn-Arg-Gly 5.8 × 109

Ala Gly (His/Lys/Asn)-Arg-(Arg/Gly) 7.2 × 109

Gly Glu Lys-Arg-Gly 4.8 × 108

Ala Glu Asn-Arg-Gly 1.3 × 109

Ala Glu Asn-Arg-Gly 8.6 × 108

Ala Glu Asn-Arg-Gly nd
Gly Glu Asn-Arg-Gly 9.6 × 108

the cell culture adapted version of the same isolate. The plasmid pSAT1tc was
ted by replacing the outer capsid-coding region of pSAT1tc with the corresponding
AT1tcK-N.
ntal viruses are summarised by protein. Residue changes are indicated in italics.
vSAT1wt-a and -b, vSAT1tc/wt and vSAT1tcK-N and 5 passages of SAR/9/81wt to
). Titres are expressed in PFU/ml.
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Fig. 2. 3D structure of SAR/9/81wt capsid crystallographic protomer (A) and pentamer (B) modelled using the O1BFS co-ordinates (1FOD; Logan et al., 1993) as template. The
position of amino acid changes in vSAT1tc compared to the parental SAR/9/81wt is indicated. The protein subunits and structural features are colour coded: VP1 (blue), VP2
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green) and VP3 (cyan), the G–H loop of VP1 (yellow) and the RGD motif (orange). T
mino acid changes in magenta. (C, D) The surface electrostatic view of protomers, c
D), respectively. The increased positive charge, indicated in blue, surrounds the fiv

n the local region of the five-fold axis of the virion (Fig. 2C, D), sug-
ested that the adapted virus might attach to negatively charged
ell surface structures, in particular GAG’s.

.2. Synthesis of SAT1 recombinant viruses with altered surface
harges

To study the effect of the mutations at residue positions 110–112
f VP1 in a defined genetic background, we constructed infectious
DNA clones of the SAR/9/81tc and wt viruses using the infectious
DNA clone, pSAT2 (Van Rensburg et al., 2004), as template. We
elected the following three infectious cDNA clones for the gen-
ration of recombinant viruses: (1) a variant of the SAR/9/81tc
enome containing an Asn110 → Lys change in VP1, adding a pos-
tive charge by a single mutation, and designated pSAT1tc; (2)

genome-length clone of SAR/9/81wt containing the wild-type
-R-G sequence at residue positions 110-112 of VP1 (pSAT1wt-
); and (3) a second SAR/9/81wt genome-length clone with the
ild-type N-R-G sequence, but containing an additional amino

cid change in VP1, i.e. Ser03 → Phe (pSAT1wt-b). pSAT1tc was
urther characterised and found to contain four amino acid differ-
nces in the capsid sequence compared to the SAR/9/81wt virus,

.e. VP3 Asp192 → Tyr; VP3 Ser217 → Ile; VP1 Ala69 → Gly and VP1
sn110 → Lys. As shown in Table 1, virus titres of the recombi-
ant and parental viruses were similar and heterogeneity in amino
cid residues was observed in only four positions in VP3 and VP1
entioned above.
10K residue change is indicated in red near the five-fold axis and the remaining 3
ning the wild-type Asn110 at VP1 (C) and the positively charged Lys110 of vSAT1tc
axis of the virion.

To determine the conformational location of these substitutions
in the capsid, the changes were mapped to the 3D structure of the
SAR/9/81 capsid. As illustrated in Fig. 2A and B, two of the substitu-
tions (Asp192 → Tyr, and Ser217 → Ile) are located on flexible loops
connecting the �-sheet structures of VP3, while the Ala69 → Gly
change in VP1 is found in an �-helix hidden from the surface. The
Ala69 → Gly change is also distant from the �G-�H loop of VP1 that
contains the receptor-binding RGD motif, and all three changes are
distantly located to the sites known to participate in HSPG binding
of type O viruses (Fry et al., 1999, 2005; Sa-Carvalho et al., 1997;
Zhao et al., 2003). In contrast, the Asn110 → Lys change not only
adds a positive charge to the surface of the viral capsid, but also clus-
ters around the pore at the five-fold axis of the particle (Fig. 2). The
presence of Lys110 in pSAT1 is consistent with the His/Lys quasi-
species observed in the SAR/9/81tc, but not the SAR/9/81wt virus
(Table 1 and Fig. 3).

Based on the structural analysis, we performed the following
mutations or genome exchanges in the infectious clones: (1) The Lys
residue at position 110 of VP1 in the pSAT1tc clone was mutated to
the wild-type Asn residue (pSAT1tcK-N); and (2) the outer capsid-
coding region of pSAT1tc was replaced with the corresponding
region of pSAT1wt-a (pSAT1tc/wt).
The corresponding recombinant and mutant viruses, designated
vSAT1tc, vSAT1wt-a, vSAT1wt-b, vSAT1tcK-N and the vSAT1tc/wt
chimera, were recovered following the co-transfection of the
recombinant plasmids and a helper plasmid into BHK-21 cells. The
genetic identities of the recovered virus stocks were confirmed by
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ucleotide sequencing of the capsid-coding region and no unin-
entional mutations were observed. The r1-values obtained for
SAT1tc (Table 2) with sera raised against SAR/9/81, the genetically
elated SAT1/KNP/196/91 virus and the disparate SAT1/NIG/5/81
irus, revealed no antigenic differences between the recombinant
SAT1tc and the parental SAR/9/81tc or SAR/9/81wt viruses. The
ys at position 110 did not seem to alter the antigenicity of vSAT1tc
ased on r1-values.

.3. In vitro characterisation of genetically engineered FMDVs

The effect of these mutations on viral growth in BHK-21 cells was
nvestigated. The genetically engineered vSAT1tc displayed small
laques (1–2 mm diameter) equivalent to those of SAR/9/81tc virus

rom which it was generated (Fig. 1A). The two variants from the
ild-type infectious clones, vSAT1wt-a and vSAT1wt-b, produced

arge (6–8 mm) and medium plaques (3–5 mm) with opaque edges,
espectively. The medium plaques of vSAT1wt-b also differed from
he small plaques produced by pSAT1tc in that the latter were well-
ensus sequence of the virus population. The subscript number next to the residue
ing to beta sheets are indicated by an “E” above the consensus sequence, regions

op are underlined.

defined morphology. A porcine kidney cell line (IB-RS-2) known
to express �V�8 (Burman et al., 2006), was also included in the
analysis. Although the plaques were generally larger on IB-RS-2
cells after 40 h incubation (data not shown), a shorter incubation
time (27 h) showed the distribution of large and small plaques were
similar to those described on BHK-21 cells (Fig. 1A). In CHO-K1 cells,
only cell culture-adapted SAR/9/81tc and vSAT1tc viruses were able
to propagate. The micro-size plaques (<2 mm) produced in CHO-K1
cells were only visible 48 h post-infection (p.i.) (Fig. 1A).

Plaque assays performed on BHK-21 cells revealed large plaques
(6 mm) for the vSAT1tcK-N mutant. The plaques corresponded
in size and character with plaques produced by SAR/9/81wt,
vSAT1wt-a (Fig. 1A) and vSAT1tc/wt (data not shown). The
vSAT1tcK-N mutant was unable to infect CHO-K1 cells, similar to

the wild-type viruses (Fig. 1A). The conversion of small plaques to
wild-type plaques by the Lys110 → Asn mutation is a clear indi-
cation that the BHK-21 adaptation phenotype is a charge-based
interaction, perhaps involving binding to cell surface sulphated
polysaccharides.
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The infectivity titres after an endpoint dilution revealed that the
itre of the SAR/9/81tc virus (7.2 × 109) was higher than vSAT1tc
4.8 × 108) in BHK-21 cells (Table 1). The titres of SAR/9/81wt
5.8 × 109) and vSAT1wt-a (1.3 × 109) appeared similar to that of
AR/9/81tc, while the titres of vSAT1wt-b and vSAT1tcK-N mutant
ere 8.6 × 108 and 9.6 × 108 in BHK-21 cells (Table 1). The growth

inetics of the vSAT1tc (Fig. 1B) in BHK-21 cells show that vSAT1tc
eached similar high virus titres within 16 and 20 h p.i. than
AR/9/81tc and SAR/9/81wt.

.4. Binding of the SAT1 viruses to cells in culture

The receptor specificity of the SAR/9/81wt, SAR/9/81tc and
SAT1tc viruses was investigated. To this end, two types of CHO
ells, i.e. CHO-K1 and CHO-677 were infected using high multiplic-
ty of infection (m.o.i. 1–5 pfu/cell) with the respective SAT1 viruses.

he SAR/9/81wt viruses were not able to replicate in these CHO
ell types. However, a titre of 1.1 × 106 pfu/ml was attained from
SAT1tc-infected CHO-K1 cells. Similarly, SAR/9/81tc grew to a titre
f 2 × 106 pfu/ml in CHO-K1 cells. Since neither of these viruses was
ble to infect and replicate in CHO-677 cells, cell entry was most

able 2
omparison of the antigenicity of SAT1 parental and recombinant viruses measured
gainst SAT1 reference sera.

Viruses r1-valuea

SAT1 test serab

KNP/196/91c SAR/9/81 KNP&SAR NIG/5/81d

SAT1
KNP/196/91 1.00 0.40 ± 0.14 1.00 0.17 ± 0.03
SAR/9/81tc 0.45 ± 0.06 1.00 1.00 0.25 ± 0.06
SAR/9/81wt 0.40 ± 0.05 1.00 1.00 0.24 ± 0.06
vSAT1tc 0.38 ± 0.03 1.00 1.00 0.18 ± 0.04

a VNTs were done in duplicate. r1-values are expressed as the ratio between the
eterologous/homologous end point serum titres of the largest dilution of serum to
eutralise 100 TCID50 in 50% of the wells in VN tests. The homologous r1-values are

ndicated in bold.
b The cattle sera used in the VN tests were prepared by two consecutive vaccina-

ions on days 0 and 28 with reference SAT1 or SAT2 viruses and subsequently bled
n day 38.
c The SAT1/KNP/196/91 virus, isolated in 1996 from buffalo in the Kruger National

ark, and homologous serum prepared by vaccinating cattle was included as a SAT1
ontrol in the VN assay.

d The SAT1/NIG/5/81 virus, isolated in 1981 from Nigeria, belongs to the SAT1
opotype 7 lineage (Bastos et al., 2001).
in �V subunit and either the �1, �3 or �6 subunits (Neff and Baxt, 2001). Trans-
ith [35S]methionine. Viral protein syntheses were analyzed by RIP and SDS-PAGE.
“NT”, and the location of the viral structural proteins from lysates prepared from

probably initiated by attachment to GAG surface molecules. None
of the recombinant viruses or vSAT1tcK-N mutant virus containing
the wild-type VP1 sequence was able to replicate in CHO-K1 cells.

The integrin receptor specificity of these viruses was explored
in COS-1 cells, co-transfected with bovine �V integrin subunit
and either of the �1, �3 or �6 subunit cDNAs. Replication of the
SAR/9/81wt virus was demonstrated in cultured cells expressing
�V�6 (Fig. 4). The bovine �V�3 integrin was also utilised for cell
entry by this impala isolate of SAT1, albeit to a lesser extent. The
bovine �v�1 was not able to sustain infection for any of these
viruses. Although the interaction with �v�8 intergrins was not
measured directly, IB-RS2 cells, known to have this integrin pre-
dominantly on its cell surface (Burman et al., 2006) were able to
sustain infection of SAR/9/81wt to high titres.

Given that SAR/9/81wt virus displayed the ability to recognise
and enter cells expressing bovine �V�6 and �V�3, it was surpris-
ing to find that vSAT1tc replicated poorly in cells expressing these
bovine integrins (Fig. 4). In contrast, this variant infected and repli-
cated in CHO-K1 cells, but not CHO-677 cells, suggesting the use
of alternative HSPG cell surface proteins. The acquisition of posi-
tively charged Asn110 → Lys (one of the four amino acid differences
detected in vSAT1tc), surrounding the five-fold axis, could poten-
tially account for interaction with negatively charged cell surface
molecules, like GAGs.

3.5. Assessment of vSAT1tc and SAR/9/81wt virus particle stability

During sucrose density gradient (SDG) purification of vSAT1tc
virus (which had acquired positively charged residues), we noticed
a small 146S peak determined at 260 nm that contrasted to the
SAR/9/81wt clear virus peak. Furthermore, by increasing the salt
concentration from 150 to 500 mM NaCl, a defined 146S peak
for the vSAT1tc variant particles was observed (data not shown)
suggesting that the additional positive charges may enhance aggre-
gation of the vSAT1tc virus particles. In addition the sensitivity
of the infectious particles in an acidic environment was evalu-
ated. The pH-stability profiles in Fig. 5A show a slight difference
in particle stability when vSAT1tc and SAR/9/81wt viruses were

incubated in mild acidic conditions that was not statistically sig-
nificant over the entire pH range (P = 0.437). However, there was a
significant difference in particle stability for pH ≤ 6.2 (P = 0.050).
In particular, a pH50 = 6.45 value was obtained for SAR/9/81wt,
while a pH50 = 6.35 distinguished the vSAT1tc variant. Based on
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urified SAR/9/81wt (B) and vSAT1tc (C) viruses, treated with TNE buffers of varying
ith 2% uranyl acetate (UA), pH 7.4, imaged and viewed at 100,000× magnification

he nature (Table 1) and location (Fig. 2A, B) of the amino acid
ifferences between vSAT1tc and SAR/9/81wt capsid proteins, it
as hypothesised that Asp192 → Tyr, Ser217 → Ile in VP3 and
sn110 → Lys in VP1 could account for the differences in stability
bserved over the lower pH values. Electron microscopic stud-
es (Fig. 5C) showed the presence of aggregates for the vSAT1tc
irus even at pH 6.5, but not for the SAR/9/81wt (Fig. 5B). The
ggregates of vSAT1tc have been observed from pH 7.4 (data not
hown) to pH 6.5 and could possibly account for the difficul-
ies encountered during purification of the vSAT1tc variant (see
bove).

Incubation of the infectious particles between 25 ◦C and 45 ◦C for
0 min resulted in an equivalent decrease in infectivity with less
han 2% of infectious particles remaining after 30 min treatment
t 45 ◦C (results not shown). The stability of purified, lyophilised
AR/9/81wt and vSAT1tc viruses was further investigated by long-
erm storage at −70 ◦C, 4 ◦C, 25 ◦C and 37 ◦C. For reasons not well
nderstood there was a significant loss of infectious particles (ca.
3 ± 6.5% loss) within the first day in all instances (Fig. 6). However,
hereafter the titres remained constant for up to 16 weeks at 4 ◦C or
5 ◦C with more variable values at 37 ◦C. At 52 weeks incubation at
5 ◦C and 37 ◦C no infectivity titres could be detected, while 2 logs
eduction was measured at 4 ◦C for vSAT1tc and SAR/9/81wt (Fig. 6).
verall, no significant differences were observed between the two
iruses under these experimental conditions, and as expected, stor-
ge at −70 ◦C (Fig. 6A) was the most effective method to preserve
MDV infectivity for extended periods of time.
. Discussion

In spite of virus–integrin interaction being essential for infectiv-
ty of FMDV in cattle, or in vitro in cell culture, propagation of FMDV
G-purified wild-type and vSAT1tc particles following treatment with TNE (100 mM
age virus titres of two inactivation experiments at each pH are plotted. (B, C) SDG-
ere adsorbed on Formvar and carbon-coated grids. Samples were negatively stained
SAT1tc showed extensive aggregation at pH 6.5, even after vigorous vortexing.

in non-host cells, like BHK-21 cells, leads to rapid change in the pref-
erence of cell surface molecules used for cell entry (Jackson et al.,
1996; Baranowski et al., 1998). In this study we describe the fixa-
tion of amino acid residues during the propagation of a SAT1 virus
obtained from impala in BHK-21 cells. An infectious SAT1 genome-
length clone, vSAT1tc, from the quasi-species population of a SAT1
cell culture-adapted virus displayed a small plaque phenotypic
variant of the initial mixed plaque size of the SAR/9/81tc popula-
tion. The vSAT1tc did not have a perfect nucleotide and amino acid
match to the majority population of SAR/9/81tc from which it was
derived, an observation consistent with the quasi-species nature of
the FMDV genome (Domingo et al., 1992, 2005; Domingo, 1998).
The four amino acid differences in the outer capsid-coding region
of the pSAT1tc clone (Table 1) were also present in single foci of
SAR/9/81tc.

The fixation of the positively charged residues, Lys110 and
Arg111, in the short �F-�G loop 110KRG112 sequence surround-
ing the five-fold axis of the SAR/9/81tc and vSAT1tc virions relates
to the acquisition of the ability to replicate in CHO-K1 cells, but
not CHO-677 cells, and a small plaque size on BHK-21 cells. The
in vitro observations for the viruses in this study, suggest possible
interaction with negatively charged GAGs, which are abundant cell
surface proteins that has been linked to cell attachment of FMDV
adapted to cultured BHK-21 cell (Gromm et al., 1995; Jackson et al.,
1996; Sa-Carvalho et al., 1997). Mutation of the Lys110 of vSAT1tc
to the wild-type Asn resulted in the conversion of small plaques to
large plaques on BHK-21 cells and abrogated the ability to infect

CHO-K1 cells, indications of the role of VP1 residues 110 and 111
in cell culture adaptation and possible interaction with GAGs. The
VP1 �F-�G loop in the capsid has been shown in a comparison of
56 SAT1 and SAT2 viruses to be hypervariable, while none of the
viruses in this alignment displayed a significant positively charged
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ig. 6. Thermal inactivation kinetics of SAR/9/81wt and recombinant vSAT1tc virus
7 ◦C and the log virus titre plotted against 0 or 24 h and up to 52 weeks of incubat
orm the same experiment. No infectious particles were observed at 52 weeks incu

egion at this position (Maree et al., 2010) and is unlikely to exhibit
he ability to infect and replicate in CHO-K1 cells, like SAR/9/81wt
Fig. 4A) and SAT1/NAM/307/98 (Storey et al., 2007).

An in-depth look at the residues present in the VP1 �F-�G loop
n the SAR/9/81tc population revealed that if an Asn, His or Lys
esidue is fixated at amino acid 110, an Arg, Lys or Gly is acquired
t position 112 in the adapted strain. The Arg111 in the 110NRG112
equence, in the absence of other positively charged residues, was
ot sufficient to enable SAR/9/81wt to infect CHO-K1 cells. The
mino acid variation at positions 110–112 in VP1 also correlates
ith the mixed plaque phenotypes that were observed.

Notwithstanding the differences in the plaque morphologies
mongst SAR/9/81wt, SAR/9/81tc, and the vSAT1tc derivative, opti-
al growth kinetics in BHK-21 cells were maintained in vSAT1tc,
characteristic desired for a suitable vaccine candidate. Likewise,

he antigenicity of the SAR/9/81 (wt and tc) viruses seemed to be
nchanged in vSAT1tc based on limited cross neutralization data.
verall the data indicated that the replication machinery as well
s antigenic and biological properties of the parental virus were
uccessfully transferred to the recombinant vSAT1tc.

The increase in positive charge in the local region on the virion
urface suggests that the adaptation phenotype possibly involves
nteraction with cell surface sulphated polysaccharides, like GAG. It
as been proposed that virus uptake might be accelerated via direct

nteractions between HSPG’s and integrin receptors, since other
dhesion molecules, like vitronectin and fibronectin also have dual
ffinity for integrin and heparin sulphate (Gromm et al., 1995; Fry
t al., 1999, 2005). Therefore, the possibility that BHK-21 culture-
dapted viruses that acquire HSPG-binding ability are dependent
n the dual affinity for both HSPG and integrin proteins to enter
nd infect cells, cannot be excluded.
Earlier studies on FMDV receptor preference focussed mainly
n the Euro-Asian (A and O) FMDV types isolated from domestic
nimals (Berinstein et al., 1995; Neff et al., 1998,2000; Neff & Baxt,
001; Jackson et al., 1997, 2000, 2002, 2004; Duque & Baxt, 2003;
onaghan et al., 2005). Here we provided the first evidence that
G-purified virus was lyophilised, incubated at (A) −70 ◦C, (B) 4 ◦C, (C) 25 ◦C and (D)
) Error bars indicate values obtained from duplicate titrations of samples prepared
at 25 ◦C and 37 ◦C.

a SAT1 virus, isolated from infected impala and with the ability
to infect multiple wildlife and domestic species, utilise the �V�6
integrin with high efficiency, followed by the ability to interact with
�v�3, albeit to a lesser extent. Contrary to the situation with type
O1 viruses that utilise �V�1 and �V�6 with high efficiency (Jackson
et al., 2002; Duque & Baxt, 2003), the �V�1 integrins were not able
to sustain infection of the SAT1 viruses.

The relevance of the virion stability in the production of sta-
ble 146S antigen and the practical aspect of vaccine efficacy are
important considerations for vaccine manufacturers. A parallel
comparison of the pH stability of SAR/9/81wt and vSAT1tc indicated
a statistical significant difference in the particle stability of these
viruses at the lower pH range. Predictions based on the structural
data do not suggest that the observed amino acid heterogeneity
within VP3 (Asp192 → Tyr and Ser217 → Ile) of SAR/9/81wt and
vSAT1tc affect virion stability adversely. Similarly, the Ala69 → Gly
change in VP1 has no effect on the polarity at that position.
Hydrogen bond analysis showed that hydrogen bonds with the
backbone of the intra-chain Ile64 was conserved (data not shown)
and is not expected to interfere in the interaction of adjacent pro-
tomers.

The aggregation observed during SDG purification of vSAT1tc
can be reversed by increasing the ionic strength of the buffer
solution. This led us to formulate two hypotheses: (1) The sul-
phated polysaccharides interact with the particles and result in
aggregates consisting of particles linked by the free polyanions
and/or (2) The positively charged local regions on the capsid form
electrostatic interactions with negatively charged patches on the
shell of adjacent particles. Treatment with 0.5 M NaCl, Tris buffers
resulted in the dissociation of these aggregates and purification of
a well-defined 146S peak containing complete infectious particles.

Surface coverage of the virion with the polyanions due to the posi-
tively charged Lys110 and the Arg111 residues and the aggregation
of particles may have a stabilising effect in adverse environmental
conditions. Evaluation of the SAR/9/8wt and vSAT1tc revealed that
storage of vacuum-dried purified, life virus particles provided an
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ffective method to preserve infectivity. This method of preserva-
ion also allowed efficient storage at a wide range of temperatures,
ncluding −70 ◦C to 25 ◦C.

BHK-21 cells are the cell line of choice for production of inacti-
ated FMD vaccines. The adaptation of SAT field viruses to BHK-21
ells is essential to produce high yields of 146S antigen. The addi-
ion of the cell culture-adaptation trait with the slight improvement
f virion stability, using a reverse genetic approach, may improve
ield of inactivated antigen during production. Furthermore, the
ositively charged amino acid accumulated during BHK-21 culture
daptation does not appear to adversely affect antigenicity, based
n limited cross neutralization data, or thermostability of the puri-
ed SAT1 particles. In conclusion, we presented evidence for the
esign and improvement of genetic engineered viruses to be used
s cell-adapted vaccine candidates for mitigation of FMD outbreaks.
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